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ABSTRACT
The formation of polycyclic aromatic hydrocarbons (PAHs) and their methyl derivatives oc-
curs mainly in the dust shells of asymptotic giant branch (AGB) stars. The bands at 3.3 and
3.4 µm, observed in infrared emission spectra of several objects, are attributed C-H vibrational
modes in aromatic and aliphatic structures, respectively. In general, the feature at 3.3 µm is more
intense than the 3.4 µm. Photoionization and photodissociation processes of toluene, the precur-
sor of methylated PAHs, were studied using synchrotron radiation at soft X-ray energies around
the carbon K edge with time-of-flight mass spectrometry. Partial ion yields of a large number
of ionic fragments were extracted from single and 2D-spectra, where electron-ion coincidences
have revealed the doubly charged parent-molecule and several doubly charged fragments contain-
ing seven carbon atoms with considerable abundance. Ab initio calculations based on density
functional theory were performed to elucidate the chemical structure of these stable dicationic
species. The survival of the dications subjected to hard inner shell ionization suggests that they
could be observed in the interstellar medium, especially in regions where PAHs are detected. The
ionization and destruction of toluene induced by X-rays were examined in the T Dra conditions,
a carbon-rich AGB star. In this context, a minimum photodissociation radius and the half-life of
toluene subjected to the incidence of the soft X-ray flux emitted from a companion white dwarf
star were determined.
Subject headings: astrochemistry — molecular data — methods: laboratory — ISM: molecules — X-rays:
stars
1. Introduction
Toluene (C6H5CH3), or methyl-benzene, is the
simplest alkyl-substituted benzene derivative, in
which a methyl group replaces one of the hydrogen
atoms of the benzene (C6H6) molecule. Although
these species have not yet been detected in the in-
terstellar medium, its protonated version (C7H
+
9 )
has a spectral signature that matches reasonably
with the unidentified interstellar infrared emission
band near 6.2 µm (Douberly et al. 2008). More-
over, the mechanisms of formation and the role of
the molecule in astrophysical environments and in
the combustion chemistry have attracted consid-
erable attention in the last years (Dagaut et al.
2002; Imanaka & Smith 2007; Silva et al. 2007;
Dangi et al. 2013).
Toluene was firstly identified as one of the ma-
jor constituents of the Murchison and Allende me-
teorites (Studier et al. 1972). A catalytic com-
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bination of CO, H2 and NH3 on the surface of
dust grains - a process known as Fischer-Tropsch-
type reaction - is attributed as the main forma-
tion route of toluene and the meteorite organic
matter (Studier et al. 1972). Toluene is also con-
sidered a critical building block for the formation
of methyl-substituted polycyclic aromatic hydro-
carbons (PAHs) (Thomas & Wornat 2008; Ricks
et al. 2009), which has been proposed as the car-
riers of the 3.4 µm emission in astrophysical envi-
ronments. It is well known that the formation of
PAHs and their methyl derivatives occurs mainly
in the dust shells of asymptotic giant branch
(AGB) stars, which after the ejection of its carbon-
rich envelope into the interstellar medium become
protoplanetary nebulae (Cherchneff et al. 1992).
In fact, the infrared emission features that pre-
vail over the spectra of most galactic and extra-
galactic sources are carried by these molecules
(Tielens 2008).
Concerning the astrophysical synthesis of methy-
lated benzene, different routes of formation are
proposed in the literature, but yet no consen-
sus was reached. Tokmakov et al. (1999), com-
bining experimental measurements and theoret-
ical methods, investigated the reaction of the
phenyl radical (C6H5) with methane, and con-
cluded that this route does not lead preferentially
to toluene, but mainly to benzene and CH3. More
recently, (Dangi et al. 2013) showed that the gas
phase synthesis of toluene from the ethynyl radi-
cal (C2H) with isoprene (2-methyl-1,3-butadiene,
C5H8) - two neutral, non-cyclic precursors - has
no entrance barrier and all the transition states
have energy lower than the separated reactants.
Consequently, it is a viable reaction pathway in
low-temperature environments, such as the cold
molecular cloud TMC-1. Another possible route
of formation of interstellar toluene is the reaction
of o-benzyne (C6H4) with methane, but to the
best of our knowledge this reaction was neither
experimentally nor theoretically studied.
Ziegler et al. (2005) proposed that the for-
mation process of toluene in the gas-phase could
take place in the warm layers of the circumstel-
lar envelope of AGB stars, involving the reac-
tion of benzyl with H and l-C3H3 with C4H5.
The object T Dra is a carbon-rich AGB star as-
sociated with FUV and X-ray emission. The
origin of the X-ray emission in the environment
of the star, however, is still a matter of de-
bate. It was proposed that the presence of a
white dwarf as a companion, in a binary system,
could be responsible for the observable X-ray flux
(Sahai et al. 2008; Ramstedt et al. 2012). How-
ever, more observations are necessary to constrain
the intensity and periodicity of these events in T
Dra and other AGB stars, as well as the role in
its inner shell. Nevertheless, the presence of a
companion star should not be considered surpris-
ing, since it has been proposed for well-studied
evolved stars, such as IRC +10216 and the pre-
planetary nebula CRL 618 (Velzquez et al. 2014;
Cernicharo et al. 2015; Kim et al. 2015).
The present work obtained experimental and
theoretical information about the photoionization
and photodissociation processes of toluene upon
interaction with soft X-ray photons at energies in
the vicinity of the carbon K shell. Particular at-
tention was given to the analysis of doubly charged
species, inasmuch as the presence of multiply-
charged PAHs in the interstellar medium has been
proposed (Rosi et al. 2004; Malloci et al. 2007).
Since the chemistry of circumstellar regions is
strongly affected by X-rays photons associated
with high velocity winds and with shocked gas
in a binary companion, the investigation of the
photo-interaction is of great interest for unravel-
ling the behavior of molecules in these environ-
ments. Here, the emphasis is placed on the envi-
ronment of the AGB stellar object T Dra, and the
spotlight of the work is directed to determine the
ionization, destruction, and the half-life of toluene
under the observed astrophysical conditions of the
star. We expect that our results will open a discus-
sion towards the presence of ion-molecule reactions
and the structure of molecules in different charged
states in the circumstellar envelope of AGB stars.
In the following section, we briefly present the
experimental and theoretical methods used in this
work. Section 3 contains the results and discus-
sion. In the last section, final remarks and conclu-
sions are presented.
2. Methodology
The measurements were performed at the
Brazilian Synchrotron Light Source Laboratory
(LNLS) using soft X-rays photons selected from
the Spherical Grating Mono-chromator (SGM)
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at energies around the C1s resonance (280-320
eV). The experimental set-up has been described
in detail elsewhere (Boechat-Roberty et al. 2005).
Briefly, soft X-ray photons, at a rate of 1012 pho-
tons s−1, perpendicularly intersect the gas sample
inside a high vacuum chamber. The photons ab-
sorbed by the molecules produce the excitation
and ionization of electrons from inner shell, caus-
ing a molecular instability that can lead to the
dissociation, producing several ionized fragments.
The base pressure in the vacuum chamber was
maintained in the 10−8 Torr range, while during
operation the chamber pressure was raised up to
10−6 Torr. The gas needle was kept at ground po-
tential. The emerging photon beam was recorded
by a light sensitive diode. The sample was pur-
chased commercially from Sigma-Aldrich with pu-
rity better than 99.5%. No further purification
was used except for degassing the liquid sample
by multiple freeze-pump-thaw cycles before ad-
mitting the vapor into the chamber. Since toluene
possesses a high vapor pressure, there was no need
to heat the liquid sample, avoiding degradation.
The photoelectrons (PE) and photoions (PI)
produced by the interaction with the photon beam
were extracted by a static electric field of 450
V/cm. The ionized fragments were accelerated
and focused by a two-stage electric field into a field
free drift tube 297 mm long and detected by micro-
channel plate detector in a chevron configuration.
The ionic species were mass-to-charge (m/z) ana-
lyzed by a time-of-flight mass spectrometer (TOF-
MS), and produced the stop signals delivered to a
time-to-digital converter (TDC). The photoelec-
trons were directed into the opposite direction to-
wards a micro-channel plate detector. The TDC
was started by one of the collected electrons. Stan-
dard time-of-flight spectra were obtained using the
correlation between one photoelectron and a pho-
toion in coincidence (PEPICO). In addition to
the PEPICO spectra, two-dimensional coincidence
mass spectra (PE2PICO: Photo-Electron Photo-
ion Photo-ion Coincidence) were simultaneously
obtained. In this case, the ion pairs resulted from
the multiple ionization events, mostly associated
with the Auger-like process, that after decay break
into at least two ionic and neutral species. Only
about 0.6% of all coincidence signals were sorted
in the PE2PICO spectra, reflecting that the ma-
jority of the contribution was correlated to single
coincidence events.
In order to extract astrochemical informations
it is essential to obtain the absolute ionization
and fragmentation cross sections. The data re-
duction procedure included subtraction of a lin-
ear background and the false coincidences coming
from aborted double and triple ionization events
(Simon et al. 2001). Then, contributions of all
cationic fragments were summed up and normal-
ized to the photoabsorption cross sections mea-
sured by Ishii & Hitchcock (1987). Assuming a
negligible fluorescence yield due to the low carbon
atomic number (Chen et al. 1981) and an ionic
fragment production in the present photon energy
range, it is possible to consider that all absorbed
photons lead to cation formation. Inner shell pho-
toabsorption and the subsequent photoionization
process may produce instabilities on the molecu-
lar structure (nuclear rearrangements), producing
a transient molecule that breaks down following
different dissociation pathways. Mass-spectra of
toluene were obtained around the energy of the
resonance C1s → pi∗ (Hitchcock & Mancini 1994)
between 277.9 and 302.7 eV.
Density functional calculations were performed
to elucidate the most stable molecular structures
of the doubly ionized species obtained in the X-
rays photodissociation measurements. These ions
are of type C7H
++
n , n=2-8. Around 70 initial
geometries for each dication were optimized at
the M06-2X/cc-pVTZ(-f) level (Zhao & Truh-
lar 2008). Frequency calculations and thermody-
namic analysis were performed for the 15 most sta-
ble structures of each species, and more than 100
different minimum structures were characterized.
Considering this large number, the structural and
thermodynamic aspects were discussed solely on
the basis of the most stable C7H
++
n species, at
the mentioned level of theory. The low-lying iso-
mers of each C7H
++
n dication will be discussed in
a future work. Moreover, the thermodynamics of
several dissociation pathways of the dications by
Coulombic decay were evaluated, and compared to
the estimated coincidence of the monocation prod-
ucts from the PE2PICO analysis. All calculations
were performed with the Jaguar 7.9 program.
The radiative flux model of T Dra was con-
structed by using the numerical simulations of
wind accretion in symbiotic binary systems devel-
oped by Val-Borro et al. (2009). The authors esti-
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Fig. 1.— Time-of-flight mass spectrum of toluene after exposition to X-ray at 285.1 eV.
mated an X-ray luminosity due to mass accretion
of the wind of an AGB star onto a small com-
panion (R=0.02 R⊙), between distances of 16 to
70 AU, in the range between 3×1030 and 3×1032
erg s−1. This scenario was applied to obtain
the photoionization and photodissociation rates of
toluene, as well as the photoproduction of dica-
tions, as functions of the distance from the AGB
star.
3. Results and Discussion
3.1. Experimental results
Figure 1 shows the mass spectra of toluene
at the C1s resonance energy (285.1 eV). Besides
the C7 group (84 to 93 amu), the following ionic
groups were identified, due to carbon atom loss:
methyl (12 to 16 amu), C2 (24 to 28 amu), C3
(36 to 41 amu), C4 (48 to 53 amu), C5 (60
to 66 amu), and C6 (73 to 78 amu). More-
over, the appearance of fractional m/z from 42
to 47 amu suggests that doubly ionized molecules
from the C7 group were also produced. The re-
gion of the spectra corresponding to the double
ionized molecules from the C7 group, of special
interest in this work, is enhanced in Figure 1,
and the fragment-ions assignments highlighted. It
should be mentioned that such a full sequence of
doubly ionized molecules is not usually encoun-
tered and easily identified in homo and hetero-
cyclic ring molecules. Small features at masses
(m/z) 20, 38.5 and 39.5, corresponding to the ions
C3H
++
4 , C6H
++
3 and C6H
++
5 , were also identified.
Small doubly charged molecules, in general, are
metastable: charge separation may occur and the
fragments are accelerated by their mutual repul-
sive character (Coulomb explosion). It is well es-
tablished, however, that aromatic molecules resist
Coulomb explosion better than other molecules
(Burdick et al. 1986).
Even though the discrimination of doubly
charged ions in mass spectra can be difficult or
even impossible, they are very easily identified in
the mass spectra of toluene. Shaw et al (1998) re-
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Table 1: Partial Ion Yield (PIY) for the fragmen-
tation of toluene in the gas phase, due to photons
with energies around the C1s resonance.
Fragments PIY (%) per energy (eV)
m/z Attr. 277.9 285.1 286.6 289.1 302.7
1 H+ 6.8 7.9 8.8 10.2 11.6
13 CH+ 1.5 1.5 1.5 1.6 1.8
14 CH+
2
1.3 1.6 1.6 1.8 2.5
15 CH+3 2.4 2.2 2.1 2.3 3.7
24 C+2 1.4 1.9 1.7 2.0 2.3
25 C2H+ 1.1 1.4 1.5 1.6 2.4
26 C2H
+
2 4.9 5.3 5.5 5.9 7.2
27 C2H
+
3 4.8 4.7 4.9 4.5 7.0
36 C+3 1.2 2.1 1.8 2.8 2.5
37 C3H+ 3.8 4.4 5.5 5.0 5.9
38 C3H
+
2 3.5 4.1 4.2 5.2 4.8
39 C3H
+
3 8.0 8.0 7.9 7.2 7.4
43 C7H
++
2 0.4 0.5 0.5 0.5 0.7
43.5 C7H
++
3 0.05 0.1 0.1 0.1 0.15
44 C7H
++
4 0.05 0.1 0.1 0.1 0.1
44.5 C7H
++
5
0.04 0.04 0.06 0.04 0.05
45 C7H
++
6 0.4 0.4 0.4 0.4 0.5
45.5 C7H
++
7 0.2 0.2 0.2 0.2 0.1
46 C7H
++
8 0.9 0.5 0.6 0.5 0.7
48 C+4 0.8 0.9 1.1 1.6 1.6
49 C4H+ 1.7 2.6 2.5 3.1 3.2
50 C4H
+
2 5.2 5.8 5.9 5.5 5.2
51 C4H
+
3 4.3 4.7 4.6 5.1 5.5
52 C4H
+
4 1.6 1.6 1.4 0.7 0.6
61 C5H+ 1.2 1.9 2.2 3.1 2.0
62 C5H
+
2 2.4 3.6 3.6 3.7 2.7
63 C5H
+
3 3.9 4.5 4.6 4.9 4.2
64 C5H
+
4 1.8 1.7 1.7 1.0 0.41
65 C5H
+
5
3.2 2.7 2.3 1.8 1.2
91 C7H
+
7 10.6 5.8 5.3 3.3 1.4
92 C7H
+
8 7.8 3.8 3.6 2.5 1.1
ported the appearance of the ion C7H
++
8 with ion-
ization by photons of energy 23.8 eV. The peaks of
the double ionized fragments in our mass-spectra
present a narrower profile than those for small
single ionized fragments, which reflects the ther-
mal energy of the ions. Doubly ionized peaks of
C7H
++
n , with n = 2-8, were also produced from
the fragmentation of toluene with the impact of
100 eV electrons (G luch et al. 2005)
As shown by Bakes et al. (2001) in a model un-
der interstellar conditions, the infrared emission
from PAH molecules depend on their charge state
and temperature distribution function. The pro-
duction of doubly charged ions from PAHs with
more than 24 carbon atoms may be dominant
for a G0/ne ratio larger than 10
3 cm−3. It also
changes the ionization degree of the cloud. In en-
vironments with some contribution of soft X-rays,
these dications can be produced by the absorp-
tion of photons of energy around the C1s edge,
followed by Auger process of both neutral (emit-
ting two electrons) and cationic molecules (emit-
ting just one electron). Reitsma et al. (2015)
studied the production and stability of dications
of coronene from X-ray photon interaction with
cations. This may be an important route to pro-
duce dications, but it still lacks the rate produc-
tion of doubly charged ions from neutral PAHs,
since part of them is destroyed by photoioniza-
tion. Rosi et al. (2004) investigated theoretically
the stability, structure and fragmentation routes of
C6H
++
6 . Toluene is considered a small molecule,
which shows experimental and theoretical advan-
tages to investigate dication stability and produc-
tion from the neutral parent.
As some peak contribution of fragment-ions
are superposed, multiple gaussian function profiles
were fitted to the peaks in order to extract the par-
tial ion yield (PIY) of each fragment-ion. The PIY
of a fragment-ion i was obtained as follows:
PIYi =
(
A+i
A+t
)
× 100%±∆PIYi (1)
∆PIYi = PIYi ×
√(
∆Ai
A+i
)2
+
(
∆At
A+t
)2
(2)
where A+i is the area of the gaussian profile fit-
ted for the fragment-ion peak i, and A+t is the
total area of the PEPICO spectrum. The esti-
mated determination, ∆PIYi, reflects the uncer-
tainty in the area ∆Ai of each peak, and ∆At is
the sum of these uncertainties. The uncertainties
of the partial yields are estimated around 10%.
The PIYs for all the spectra are listed in Table
1. For the monocations, only fragments with PIY
greater than 1% are shown. Based on the par-
tial yields it can be concluded that the photodis-
sociation of toluene leads preferentially to C3H
+
3 ,
C3H
+
2 , C4H
+
2 , C4H
+
3 , C5H
+
3 , C2H
+
2 , C2H
+
3 , and
C7H
+
7 . For the doubly ionized C7H
++
n molecules,
the total PIY contribution is of 1.8-2.6%, between
277 eV and 302.7 eV. The most stable doubly
charged ion is the parent molecule, C7H
++
8 , fol-
lowed by C7H
++
2 and C7H
++
6 , i.e. closed-shell
species with an even number of hydrogen atoms.
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Table 2: Values of non-dissociative single (σph−i) and double (σph−ii) photoionization cross sections; dis-
sociative ionization (photodissociation) cross section (σph−d); the and cross section of dications production
(σ++) of toluene around C1s edge. The photoabsorption cross section (σph−abs) from Ishii & Hitchcock
(1987) is also shown.
Energy (eV) Cross Sections (cm2)
σph−abs σph−i σph−d σph−ii σ++
Toluene
277.9 6.2×10−20 4.8×10−21 5.7×10−20 5.7×10−22 1.3×10−21
285.1 1.9×10−17 7.3×10−19 1.8×10−17 9.6×10−20 3.6×10−19
286.6 1.8×10−18 6.4×10−20 1.7×10−18 9.9×10−21 3.5×10−20
289.1 7.3×10−18 1.8×10−19 7.1×10−18 3.4×10−20 1.3×10−19
302.7 9.5×10−18 1.0×10−19 9.4×10−18 7.0×10−20 2.4×10−19
Benzene (Boechat-Roberty et al. 2009)
285.1 4.2×10−18 1.7×10−19 3.7×10−18 - -
The most produced dication with odd number of
hydrogen is C7H
++
7 , followed by C7H
++
3 .
The absolute cross section determination is de-
scribed elsewhere (Boechat-Roberty et al. 2005).
Briefly, the non-dissociative single ionization (pho-
toionization) cross section σph−i and the dissocia-
tive single ionization (photodissociation) cross sec-
tion σph−d of toluene were determined by:
σph−i = σph−abs
PIYC7H+8
100
(3)
and
σph−d = σph−abs
(
1−
PIYC7H+8
100
)
(4)
where σph−abs is the photoabsorption cross section
(Ishii & Hitchcock 1987).
The double photoionization cross-section of
toluene, σph−ii, and the cross-section of dications
production, σ++, were obtained as follows:
σph−ii = σph−abs
PIYC7H++8
100
(5)
and
σ++ = σph−abs
8∑
n=2
PIYC7H++n
100
(6)
The photoabsorption, photoionization and pho-
todissociation cross sections of toluene at the C1s
edge are listed in Table 2. The photoabsorp-
tion cross section of toluene at the C1s resonance
energy is 1.9×10−17 cm2, almost 5 times higher
than that of benzene. This higher value gives
rise to higher photoionization and photodissoci-
ation cross sections for the molecule, and could
be responsible for the higher production of dou-
bly charged species of toluene, when compared to
benzene.
3.2. Theoretical Results
Figure 2 shows the most stable structures for
each C7H
++
n species, with n varying from 2 to 8.
It is worth mentioning that, although some of the
dications were already studied from the theoret-
ical point of view, to the best of our knowledge
no comprehensive study concerning their struc-
tures and relative stabilities has been presented.
The most stable C7H
++
2 isomer is the all-linear
heptatriynylidene dication (1), a doubly charged
polyyne species. Although several neutral and
anionic polyynes have been detected in interstel-
lar clouds, such as C6H and C6H2 (Ziurys 2006),
C6H
− (McCarthy et al. 2006), HC6CN (Nguyen-
Q-Rieu et al. 1984), C8H (Cernicharo & Gue´lin
1996), C8H
− (Bru¨nken et al. 2007), and HC10CN
(Bell et al. 1997), no dicationic analogue has been
detected so far. Polyynes were also suggested to
be present in interstellar sources attached as sub-
stituents on PAHs (Duley & Hu 2009). The most
stable C7H
++
3 isomer, on the other hand, is the
butadiynylcyclopropenyl dication (2), a planar hy-
drocarbon species containing a linear polyyne at-
tached to a three-membered ring.
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Fig. 2.— Global minimum structures for the
C7H
++
n species, n=2-8, at the M06-2X/cc-pVTZ(-
f) level.
For C7H
++
4 , a structure containing a planar
tetracoordinate carbon (ptC, 3b) is only 0.5 kcal
mol−1 higher in energy than the cyclic 3a struc-
ture. At this level of calculation, it is not possible
to discriminate which of the two structures is the
ground state for the C7H
++
4 system. This problem
will be addressed in a future study dealing with
the low-lying isomers of the C7H
++
n dications.
For C7H
++
6 , the ground state structure is usu-
ally attributed in the literature to that of the cy-
cloheptatrienylidene dication (Roithova´ et al. 2009).
However, a previously non-reported methylbiscy-
clopropenyl structure (5) was predicted in this
work as the global minimum for the system. Its
energy is 6.5 kcal mol−1 smaller than the usual
seven-membered ring. Finally, for the the par-
ent dication C7H
++
8 , the meta-protonated ben-
Table 3: Electronic energy corrected by ZPE
(∆E0) of selected dissociation pathways, com-
pared to the estimated coincidence from PE2PICO
spectra. Energy values are in kcal mol−1; yields
are in %.
Dication Dissociation Pathway ∆E0 (Yield)
C7H
++
5 C3H
+
3 + C4H
+
2 -34.9 (4.06)
C7H
++
7 C3H
+
3 + C4H
+
4 -31.1 (2.09)
C7H
++
6 C3H
+
3 + C4H
+
3 -23.3 (3.91)
C7H
++
5 C2H
+
2 + C5H
+
3 -11.4 (3.16)
C7H
++
8 C2H
+
3 + C5H
+
5 -4.6 (1.86)
C7H
++
5 C3H
+
2 + C4H
+
3 -3.8 (3.56)
C7H
++
6 C2H
+
3 + C5H
+
3 -3.7 (4.47)
C7H
++
8 CH
+
3 + C6H
+
5 2.7 (1.05)
C7H
++
5 C2H
+
3 + C5H
+
2 8.6 (1.41)
C7H
++
7 C2H
+
3 + C5H
+
4 18.1 (1.00)
C7H
++
7 CH
+
3 + C6H
+
4 24.6 (1.05)
C7H
++
4 C3H
+
2 + C4H
+
2 25.2 (4.88)
C7H
++
4 C2H
+
2 + C5H
+
2 41.5 (2.67)
C7H
++
3 C3H
+ + C4H
+
2 45.2 (2.71)
C7H
++
3 C2H
+
2 + C5H
+ 48.9 (2.00)
C7H
++
3 C3H
+
2 + C4H
+ 68.2 (1.45)
C7H
++
2 C3H
+ + C4H
+ 93.5 (1.73)
zyl cation (7) is the most stable structure, high-
lighting the loss of structural integrity from neu-
tral toluene, in agreement with previous works
(Roithova´ et al. 2006).
The thermodynamics of selected dissociation
pathways by Coulombic decay from C7H
++
n dica-
tions was also studied. The dissociation pathways
were chosen from the PE2PICO analysis, and their
experimental yields were compared to the varia-
tion of electronic energy corrected by zero point
energy (ZPE). From this analysis, the viability of
the pathways proposed by the experiments was
evaluated.
Table 3 shows the ZPE corrected electronic en-
ergy (∆E0) of selected dissociation pathways in
comparison with the estimated coincidence from
the PE2PICO spectra. For more hydrogenated
C7H
++
n dications (n=5-8), there is a reasonable
correlation between the lower energy pathways
and the coincidence of monocations from the
7
Fig. 3.— Sketch of the geometry adopted. MA is the AGB star and MB your companion. The X-ray flux
towards the AGB star is given by r2 and the distance from the AGB star is given by r1. The distance between
the stars is given by d = r1 + r2 ∼ 45 AU. This distance is the result of a X-ray flux passing through a
column density of 4×1021 cm−2 in the direction to the observer.
PE2PICO analysis. The loss of correlation for
less hydrogenated C7H
++
n dications (n=2-4) sug-
gests that part of the estimated yield from the
PE2PICO spectra could be associated with path-
ways in which there is also the formation of neutral
species. Nevertheless, the most exoergic dissoci-
ation pathways are associated to the loss cyclic
C3H
+
3 , which also appears as the most promi-
nent peak in the PEPICO spectra, although the
presence of the less stable propargyl isomer can-
not be ruled out as it could be formed in the
experiment and, once formed, the large activa-
tion barrier could prevent its isomerization to the
cyclic structure (Ricks et al. 2010). This result
suggests that a significant part of the formation
of C3H
+
3 comes from the decomposition of C7H
++
n
dications, previously generated by Auger mecha-
nism. The cyclopropenyl ion, C3H
+
3 , is considered
the simplest Hu¨ckel aromatic system, having 2pi
electrons. It is suggested that C3H
+
3 plays an im-
portant role in the atmospheric chemistry of Titan
(Ali et al. 2013). Since toluene is also found in the
upper atmosphere of Titan, part of the production
of C3H
+
3 must come from the photodissociation of
toluene.
3.3. Ions in the Circumstellar Envelope of
AGB Stars
As mentioned before, the production of large
PAHs is mainly attributed to the chemical pro-
cess occurring in the circumstellar envelope of
AGB stars. T Dra, a carbon-rich AGB star, is
at a distance of 610 pc, with bolometric lumi-
nosity L = 6300 L⊙, effective temperature T∗=
1600 K, velocity of expanding gas vexp = 13.5
km s−1, and mass loss M˙ = 1.2 × 10−6 M⊙/yr
(Scho¨ier & Olofsson 2001). The soft X-ray spec-
trum (0.2-2 keV) of the object shows emission
centered at about . 1 keV, observed by ROSAT
(Ramstedt et al. 2012). In order to obtain the
photon flux as a function of the energy, a value
of LX ≈ 3.2×10
31 erg s−1 was used for the X-ray
luminosity, corresponding to a column density of
NH ≈ 4,0×10
21 cm−2 (Ramstedt et al. 2012).
The main suggestions of Ramstedt et al. (2012)
for the origin of the X-ray emission of T Dra are
that it is due: 1) to the mass-accretion onto a
compact white-dwarf, in the case of binarity, or 2)
to a coronal emission from a large scale magnetic
field. The gas density nearby the stellar surface
should be sufficient to absorb the X-ray produced
by the surface magnetic field, but morphological
asymmetries could affect the photoabsorption and
allows X-ray emission. Here, we are considering
the case of binarity. In fact, it has been suggested
that the morphological structure of CRL 618 and
IRC +10216, two well studied evolved stars, are
due to binary companions (Cernicharo et al. 2015;
Velzquez et al. 2014). The numerical simulations
of Val-Borro (2009) of mass-accretion of wind onto
an AGB companion suggest this scenario as rea-
sonable. The position of the companion in the
extended expanding envelope of the AGB star,
which could result in the X-ray absorption con-
strained by Ramstedt et al. 2012, does not require
any more special morphological structure, and it
is used as the scenario in this work (Figure 3).
Following the equations of Glassgold (1996) for
a spherical symmetry and a uniform gas expan-
sion, with column density α r−1, the distance be-
tween the AGB star and the small companion that
results in a column density of 4.0×1021 cm−2 ob-
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Fig. 4.— Photoionization and photodissociation
rates of toluene and photoproduction of dications
as functions of the distance from the AGB star.
served from Earth should be ∼ 45 AU.
The X-ray flux, FX(E), attenuated while it
penetrates the gas envelope, is given by:
FX(E) =
LX
4pir22hν
e−τ (7)
where r2 is the distance from the companion,
and τ is the optical depth:
τ = σXNH (8)
where σX is the total X-ray photoabsorption
cross-section by gas in the interstellar medium,
and NH is the hydrogen column density. Consider-
ing the photon flux in the vicinity of the C1s reso-
nance energy obtained from Draine & Tan (2003),
we evaluate that σX is ∼ 2.3×10
−21 cm2. The NH
value at a given distance from the AGB’s compan-
ion was obtained using the equation (2) of Glass-
gold (1996):
NH(r1) = 2, 67× 10
36
[
1
d
−
1
r1
]
cm−2, (9)
where d is the distance between the stars and
r1 is the distance from the AGB star.
With these parameters, we can evaluate the
rates of photodissociation, ionization and half-
life of toluene, besides the production of double
charged ions through the T Dra envelope that
faces the companion star. The dissociation of a
given molecule subjected to a radiation field is
given by:
−
dN
dt
= Nkph−d, (10)
where the photodissociation rate, kph−d, is de-
fined as:
kph−d = σph−d(E)FX(E). (11)
On the other hand, the photoionization rate is
given by:
ςi = σi(E)FX(E). (12)
and the rate of dications production is:
ςi = σ++(E)FX(E). (13)
The results are shown in the Figure 4. The
photoionization, photodissociation and photopro-
duction of dications drops sharply in the direction
of the inner envelope. A half-life radial profile of
toluene can be evaluated from the equation 11, by
writing t1/2 = ln2/kph−d, that gives 10
6 years of
half-life at a distance of 3×1014 cm (21 AU) from
the AGB star. Further chemical reactions should
be inhibited as the shell expands outwards, creat-
ing a photodissociation radius determined by the
molecular half-life. The production of molecules
is, thus, strongly dependent on the side of the en-
velope that is facing the companion star in a bi-
nary case. Nevertheless, if magnetic activity is
present through the envelope, the ions produced
by these photochemical reactions may contribute
to ambipolar diffusion. Therefore, the structural
diversity of the single and double ions would be
shared through the envelope within a new network
of ion-molecule reactions in the expanding shells
of the entire envelope of the AGB star, which has
not yet been explored by any chemical models.
4. Summary and conclusions
In this work, the X-ray photoionization and
photodissociation of toluene was studied in the
vicinity of the carbon K shell resonance energy. It
was shown that the main photodissociation path-
ways lead to the formation of C3H
+
3 , C3H
+
2 , C4H
+
2 ,
and C4H
+
3 . Moreover, electron-ion coincidences
have revealed several doubly charged molecular
ions containing seven carbon atoms with consid-
erable abundance. The relatively high survival of
the dications subjected to hard inner shell ioniza-
tion suggests that they could be observed in the
interstellar medium, especially in regions where
PAHs are detected, and validates their search in
astrophysical environments.
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The absolute single and double photoioniza-
tion and photodissociation cross sections were de-
termined. The particularly high photoabsorption
cross section of toluene at the C1s edge increases
the photoionization and photodissociation cross
sections of the molecule, when compared to ben-
zene. Eventually, this could be responsible for
the higher detection of doubly charged species of
toluene.
The structure of the C7H
++
n dications was also
studied in this work. It was shown that, while
C7H
++
2 and C7H
++
3 present polyyne-like struc-
tures, a cyclic structure containing a planar tetra-
coordinate carbon is one of the possible global
minima of C7H
++
4 . A previously non-reported
methyl-biscyclopropenyl structure was found as
the global minimum for C7H
++
6 , and the loss of
structural integrity of C7H
++
8 when compared to
neutral toluene, as previously suggested in the lit-
erature, was confirmed.
The most exoergic dissociation pathways from
doubly charged ions are associated with the loss
of c-C3H
+
3 . This suggests that the decomposition
C7H
++
n dications could contribute to the enhance-
ment of the cyclopropenyl ion in toluene-rich as-
trophysical environments, such as the upper atmo-
sphere of Titan.
Finally, the photoionization and photodissocia-
tion cross sections obtained in this work were ap-
plied to evaluate the half-life of toluene through
the T Dra envelope, which reaches a value of ∼106
years at a distance of 21 AU from the AGB star.
The results also suggest that the ion production
on the side of the envelope that faces the compan-
ion white dwarf could affect other regions, if mag-
netic activity is present. Ultimately, this mecha-
nism could trigger ion-molecule reactions through
ambipolar diffusion.
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